One sentence summary: Integrated microbial ecology analysis of aerobic groundwater microcosms utilizing vinyl chloride (VC) reveals the enrichment of a plasmid containing VC biodegradation genes and functions of diverse bacteria participating in carbon uptake from VC.
INTRODUCTION
Vinyl chloride (VC) is a known human carcinogen with a USEPA Maximum Contaminant Level of 2 ppb in drinking water (USEPA 2016) . Although direct contamination of groundwater (GW) by VC monomer used in plastic industry activities is possible (ATSDR 1997) , VC is more frequently generated by anaerobic reductive dechlorination of the widely used solvents and common GW contaminants tetrachloroethene (PCE) and trichloroethene (TCE) (Bradley 2003; Moran, Zogorski and Squillace 2007; Mattes, Alexander and Coleman 2010) . PCE and TCE are reductively dechlorinated to cis-and trans-dichloroethene, VC and ethene in laboratory (Freedman and Gossett 1989; Maymó-Gatell et al. 1997; Griffin, Tiedje and Löffler 2004) and field-scale studies (Scheutz et al. 2008; Atashgahi et al. 2017b) .
VC biodegradation occurs under both anaerobic and aerobic conditions. The strictly anaerobic Dehalococcoides mccartyi (Löffler et al. 2013 ) and a newly discovered Dehalogenimonas sp. (Yang et al. 2017 ) reduce VC to ethene for growth (Cupples, Spormann and McCarty 2003; He et al. 2003) . However, VC accumulation often occurs during anaerobic reductive dechlorination of chlorinated ethenes (Scheutz et al. 2008; Atashgahi et al. 2017b) . Despite this, diverse bacteria mediate aerobic VC biodegradation either cometabolically using ethene as the primary substrate (Freedman and Herz 1996; Koziollek, Bryniok and Knackmuss 1999; Coleman and Spain 2003b) or as a sole carbon and energy source (VC-assimilation) (Hartmans and Debont 1992; Coleman et al. 2002a) . Aerobic VC biodegradation processes are likely to be significant at plume fringes (Meckenstock et al. 2015) where dissolved oxygen may be more readily available but could also occur in aerobic microenvironments in otherwise anaerobic GW (Gossett 2010; Fullerton et al. 2014; Liang et al. 2017) . VC-and ethene-assimilating isolates include strains of Mycobacterium (Hartmans and Debont 1992; Coleman et al. 2002a; Coleman and Spain 2003b; , Nocardioides (Coleman et al. 2002a; Mattes et al. 2005) , Pseudomonas (Verce, Ulrich and Freedman 2001; Danko et al. 2006; Atashgahi et al. 2017a) , Ochrobactrum (Danko et al. 2006; Atashgahi et al. 2017a) and Ralstonia (Elango, Liggenstoffer and Fathepure 2006) . Ethene and VC biodegradation pathways in Mycobacterium and Nocardioides, similar to that of propene biodegradation, are initiated by alkene monooxygenase (AkMO, encoded by etnABCD) inserting an oxygen atom into the alkene to form an epoxide (Allen et al. 1999; Ensign 2001; Coleman and Spain 2003a) . Epoxyalkane: Coenzyme M Transferase (EaCoMT, encoded by etnE) conjugates CoM to the epoxide (Allen et al. 1999; Ensign 2001; Coleman and Spain 2003a) , which is analogous to 2-hydroxypropyl-CoM lyase in propene biodegradation (Ensign and Allen 2003) . Enzymes responsible for downstream catabolism of VC and ethene have not yet been characterized, but could be similar to the Xanthobacter Py2 propene assimilation pathway (Ensign and Allen 2003) . Plausible pathway enzymes include alcohol dehydrogenases (2-(S)-hydroxypropyl-CoM dehydrogenase in Py2), CoM reductase/carboxylase (2-oxopropyl-CoM reductase in Py2), acetaldehyde dehydrogenase, acyl-CoA synthetase, CoA-transferase and a reductive decarboxylase (Mattes et al. 2005; Chuang and Mattes 2007; Mattes, Alexander and Coleman 2010) , ultimately forming acetyl-CoA, which enters central metabolism (Debont and Harder 1978) . A schematic of the proposed biodegradation pathway has been published (Mattes, Alexander and Coleman 2010) .
Ethene and VC pathway genes are located on large, apparently linear plasmids (200-300 kb) in VC-assimilating Mycobacterium (Coleman and Spain 2003b) , Pseudomonas and Ochrobactrum (Danko et al. 2006) strains. The 307 814 bp plasmid pNOCA01 harbors VC and ethene pathway genes (e.g. AkMO and EaCoMT) in Nocardioides sp. strain JS614 (Mattes et al. 2005; Chuang and Mattes 2007; Coleman et al. 2011) .
Although most VC-assimilating isolates are Mycobacterium strains, stable-isotope probing (SIP) of aerobic VC-assimilating enrichment cultures revealed that Nocardioides sp. and other genera, e.g. Sediminibacterium and Pseudomonas, uptake carbon from VC (Paes et al. 2015; Wilson et al. 2016) . However, the roles of these bacteria in VC-assimilation are unclear. Potential VC adaptation mechanisms at the microbial community level are also unknown, as this phenomenon has only been studied in isolates (Jin and Mattes 2008; .
The purpose of this study was to investigate the GW microbial community response to selective pressure introduced when VC or ethene is present as the sole carbon and energy source and shed light on the identity and metabolic functions of various genera involved in carbon uptake from VC. To achieve this, we employed an integrated microbial ecology approach involving bacterial enrichments and isolations, genome, metagenome and 16S rRNA gene amplicon sequencing, SIP and gene expression analysis.
MATERIALS AND METHODS

GW sampling, nucleotide extraction and functional gene qPCR
GW used for microcosm construction (∼1 liter) was collected in a sterile Nalgene bottle in March 2014 from monitoring well (MW)-11M located at the Wendell Avenue site in Fairbanks, AK, USA. Well MW-11M is in a downgradient boundary zone (plume fringe) at the site (Alaska Department of Environmental Conservation 2012). The geochemical parameters of MW-11M GW at the time of sampling were a pH of 6.8, a temperature of 2.6
• C, and a dissolved oxygen level of 1.2 mg L −1 . Chlorinated ethene and ethene concentrations were not measured for MW-11M, but PCE, TCE, cis-and trans-DCE were observed at the site. Additional biomass for DNA extraction was collected from MW-11M
by passing GW (275-400 mL) through Sterivex-GP 0.22 μm membrane filter cartridges (Millipore Corporation, Billerica, MA, USA) in the field as described previously (Jin and Mattes 2010) . GW and filters were shipped on ice packs overnight to the laboratory and stored at 4 • C and −80 • C until further use and extraction, respectively. DNA was extracted from filters with the PowerWater Sterivex DNA Isolation Kit (MO BIO, Carlsbad, CA, USA) and etnE/etnC qPCR was conducted as previously described (Jin and Mattes 2010; Liu and Mattes 2016) . Additional qPCR details are provided in the supplemental material, including qPCR primer sets (Table S1 , Supporting Information) and MIQE guidelines information (Bustin et al. 2009) (Table S2 , Supporting Information).
VC-and ethene-fed microcosm and enrichment culture construction
For the initial microcosms, groundwater (GW) was mixed with sterile minimal salts medium (MSM) (Coleman et al. 2002b) in sterile 160 mL serum bottles (72 mL culture volume, 88 mL headspace). Four groups of microcosms were prepared: Group 1 (amended with ethene, GW:MSM dilution ratio = 1:3), Group 2 (ethene, GW:MSM = 1:1), Group 3 (VC, GW:MSM = 1:3) and Group 4 (VC, GW:MSM = 1:1) (Fig. 1) . Different GW to MSM dilution ratios were used to investigate their effect on microbial community structure and function. Either filter sterilized ethene (99%, Figure 1 . Experimental design of this study. DNA was extracted from GW at time point zero (TP0), and from Group 1 and 2 ethene and VC enrichment cultures at time point 1 (TP1), time point 2 (TP2) and time point 3 (TP3). The other abbreviations are: G1-Group 1, G2-Group 2; VC-vinyl chloride enrichment culture, ETH-ethene enrichment culture; GW-groundwater, MSM-minimum salts medium. GW/MSM mixture ratios were 1:1 (36 mL GW and 36 mL MSM, Group 1) and 1:3 (18 mL GW and 54 mL MSM, Group 2). Other than the GW microcosms noted with GW:MSM ratio, all enrichment cultures contained no GW. Different colors illustrate the analyses applied to the cultures. Analytical methods, DNA and RNA extraction and reverse transcription-qPCR in microcosms and enrichments
Ethene and VC concentrations in bottles were measured in headspace samples using gas chromatography with flameionization detection and calculated using external ethene and VC standards (Mattes et al. 2005; . Bacterial growth was measured indirectly with optical density at 600 nm (OD 600 )
as described previously (Mattes et al. 2005; . Enrichment culture DNA was extracted from Sterivex-filtered samples (20 mL) using the PowerWater Sterivex DNA Isolation Kit. RNA was extracted from 5 mL liquid culture samples (Group 1 and 2 ethene and VC enrichment cultures) between days 242-256 ( Fig. 1 ) with the UltraClean Microbial RNA Isolation Kit (MO BIO, Carlsbad, CA, USA). Luciferase mRNA (Promega Corporation, Madison, WI, USA; GenBank accession no. X65316; 1 × 10 9 copies/sample) was added during the extraction to account for the efficiency of reverse transcription. Reverse transcription (RT), RT-qPCR and determination of mRNA recovery efficiency (0.1% to 5.9%) by quantification of reference luciferase mRNA was performed as described previously 16S rRNA gene amplicon sequencing and analysis
Eleven DNA samples (one MW-M11 GW DNA extract pooled from duplicate samples and five samples each from Group 1 and 2 enrichment cultures at three different time points; Fig. 1 ) were subjected to 16S rRNA gene amplicon Illumina MiSeq 2×150 nt (paired-end) V4 region sequencing at Argonne National Laboratories with primer set 515f/806r (Table S1 , Supporting Information) (Caporaso et al. 2011 (Caporaso et al. , 2012 . Group 2, time point 2 samples (G2-TP2-VC and G2-TP2-ETH) were sequenced in replicate to test sequencing reproducibility. Sequencing data (1 484 136 raw partial 16S rRNA gene sequences) was processed with Mothur 1.36.1 Figure 2 . Phylogenetic composition of bacterial communities at the phylum (outer ring) and genus (inner ring) levels, based on the Mothur analysis of 16S rRNA gene Illumina sequencing data. Bacterial genera are matched with phyla on the graph. "Others" represents the combination of the remaining minor taxa and unclassified sequences. (Schloss et al. 2009 ) using a MiSeq standard operating procedure (SOP) (Kozich et al. 2013) resulting in 1 156 242 sequences and 30 097 operational taxonomic units (OTUs) based on the 97% similarity cutoff criterion. The SOP included contig construction, quality control, alignment with the SILVA database (Pruesse et al. 2007; Quast et al. 2013) , chimera removal, OTU assignment, taxonomic classification with Ribosomal Database Project (RDP) classifier (Cole et al. 2014) , construction of rarefaction curves (Fig.  S1A , Supporting Information) and calculation of Chao and Shannon diversity indices (Table S3 , Supporting Information).
DNA SIP
Around day 240, the G1-TP3-VC culture was split into two groups (four bottles each) (Fig. 1) . Two bottles in each group were fed 100 μmol unlabeled VC and two bottles were fed 100 μmol 13 C 2 -VC. VC concentrations and OD 600 were monitored for 7 days, and DNA was extracted from cultures (days 3 and 7). Extracted DNA samples (∼10 μg each) were placed into ultracentrifuge tubes containing CsCl as described previously (Paes et al. 2015) . Sealed tubes were ultracentrifuged at 178 000 × g (20 • C) for 48 h. Table S1 , Supporting Information). MIQE guidelines parameters (Table S2 , Supporting Information), and details concerning the NocF/R design and qPCR primer specificity testing are provided in the supplemental information.
The relative abundance of 16S rRNA genes for each genus in each fraction was calculated by dividing the genus-specific 16S rRNA gene abundance by the sum of 16S rRNA genes for the four genera. Fractions were categorized as 'light' (BD < 1.74 g mL −1 ) and 'heavy' (BD > 1.74 g mL −1 ), and the relative abundances for each genera were summed for each category. The relative abundance of each genera in light + heavy fractions = 100% for each set of 13 fractions. The increased relative abundance of DNA in heavy fractions resulting from 13 C-VC enrichment was calculated by subtracting the relative abundance of DNA in 12 C-VC heavy fractions from those in correspondent 13 C-VC heavy fractions.
Isolation and identification of bacteria from ethene and VC enrichment cultures
Serial dilutions (20 μL of 10 −4 and 10 −5 ) were spread onto MSM-noble agar plates and incubated for one month in an ethene atmosphere (1%-10% (vol/vol)). Each colony type (distinguished by morphology on plates) that grew only in the presence of ethene was streaked to purity on duplicate MSM-noble agar plates (one incubated in the ethene atmosphere and one incubated in ambient air). Ethene and VC utilization by isolates was confirmed by reinoculation into MSM-ethene (450 μmol/bottle (0.58 mM)) and MSM-VC (100 μmol/bottle (0.67 mM)) and monitoring VC and ethene concentrations and OD 600 over time. Additional isolation and purity confirmation details are provided in the supplemental information. Viable VC-oxidizing samples of strain XL1 are available upon request to the corresponding author.
Strain XL1 genome sequencing
Shotgun genome sequencing of Nocardioides sp. strain XL1 DNA libraries was conducted at Novogene Bioinformatics Technology Co., Ltd (Beijing, China). DNA libraries, prepared as described in the supplemental information, were sequenced on an Illumina Hiseq 4000 platform (2 × 150 nt paired-end, Illumina, Inc., San Diego, CA, USA). Strain XL1 sequence data were processed with the metagenomic protocols described below and in the supplemental information.
Metagenomic sequencing, assembly, binning and annotation
Metagenomic sequencing of 11 DNA samples described above was conducted at the University of Iowa Institute for Human Genomics (IIHG) (Iowa City, IA, USA). DNA samples (∼270 ng each) were sheared using a Covaris E220 (Covaris, Inc., Woburn, MA, USA) to generate fragments with an average length of 600 bp. Indexed sequencing libraries were generated using the KAPA Hyper Prep kit for Illumina sequencing (Cat. no. KK8500, KAPA Biosystems, Inc., Wilmington, MA, USA). The indexed libraries were pooled and fragments in the size range of 450-700 bp were collected using the BluePippin targeted extraction system (Sage Scientific, Inc., Beverly, MA, USA). Libraries were sequenced with Illumina MiSeq 2x250 nt (paired-end) SBS v2 chemistry. Samples G2-TP2-VC and G2-TP2-ETH were sequenced in replicate. Metagenomics data were processed with Kalamazoo metagenomic assembly protocol (https://khmer-protocols.readthedocs. io/en/v0.8.3/metagenomics/index.html). This included Trimmomatic (Bolger, Lohse and Usadel 2014) , Khmer (Q33, q30, p50) quality filtering (Zhang et al. 2014; Crusoe et al. 2015) , IDBA-UD contig assembly (Peng et al. 2010) , mapping reads to contigs with Bowtie 2 (Langmead and Salzberg 2012), coverage calculations and data format conversion (Yu and Zhang 2013; Men et al. 2017) . These protocols yielded 29 023 contigs (ethene cultures) and 13 912 contigs (VC cultures). Contigs less than 600 bp were removed from further analysis.
Differential coverage genome binning, manually curating contig coverage consistency, and paired-end read tracking metagenome protocols were also used (Albertsen et al. 2013) . Contigs from ethene and VC enrichment cultures were binned separately to distinguish between the two conditions. Various sample combinations within the same group (e.g. G1-TP2-VC vs. G2-TP3-VC) and within the same time point (e.g. G1-TP2-VC vs. G1-TP3-VC) were conducted to improve binning accuracy (examples in Fig. S2 , Supporting Information). Only contigs that clustered in each sample combination were included in the same genome bin. This yielded 14 ethene culture genome bins and 11 VC culture genome bins. Genome completeness and contamination was evaluated with CheckM v1.0.6 (Parks et al. 2015) (Table  1) .
Genome bin contigs were translated with Prodigal (Hyatt et al. 2010) and annotated with Ghostkoala (Kanehisa, Sato and Morishima 2016) based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) (Ogata et al. 1999) and NCBI NR protein database (Release 79). Phylum level genome bin classifications were based on the NCBI refseq database taxonomic assignment of essential genes (madsalbertsen.github.io/multi-metagenome /docs/step5.html) (Albertsen et al. 2013) . Genus level genome bin classifications were inferred by SILVA SSU NR database (version 128) or by the top BLAST hit of the longest contig from each genome bin (Table S4 , Supporting Information). 
Sequence database accession numbers
RESULTS
Initial composition and metabolic potential for VC and ethene oxidation of the groundwater microbial community
The Proteobacteria (36%), Bacteroidetes (23%), Firmicutes (6.2%), Acidobacteria (5.4%), Actinobacteria (4.7%), Verrucomicrobia (3.7%) and Chloroflexi (2.1%) were the predominant bacterial phyla detected in the initial MW-11M groundwater sample (Fig. 2) . Although VC was not detected in the Fairbanks, AK samples, functional genes etnC and etnE were present in MW-11M (10 4 ∼10 5 genes/L of groundwater) and other monitoring wells . This suggests that the sampled groundwater microbial community held the metabolic potential for aerobic VC-and ethene-oxidation.
Groundwater microbial community adaptation to VC after ethene enrichment
To confirm that viable ethene-and VC-oxidizing bacteria were in the MW-11M groundwater sample we prepared etheneand VC-fed microcosms ( Figs. 1 and 3; Fig. S3 , Supporting Information). Initial onset of ethene degradation in the ethene-fed microcosms was observed around day 40 from both Groups 1 and 2 ( Fig. 3A and C). Cell growth occurred (i.e. OD 600 increased) in both cultures during ethene consumption (450 μmol). Ethene consumption and cell growth in microcosms declined significantly after the second ethene spike (450 μmol) but resumed about 20 days after cultures were transferred into fresh MSM (Subcultures from G1-TP1-ETH and G2-TP1-ETH, Fig. 3 ), indicating that cultures were limited by oxygen and/or nutrient depletion in the media. VC-fed microcosms (Group 3 and 4) showed no evidence of growth (Fig. S3 , Supporting Information), although VC concentrations declined (about 50 μmol).
Between days 180-190, new VC enrichment cultures (Fig. 3) , constructed from the Group 1 and 2 ethene-fed microcosms, began degrading VC without a lag period, consuming about 112 μmol of VC in 3 days (G1-TP2-VC, Fig. 3 ) and 68 μmol of VC in 5 days (G2-TP2-VC, Fig. 3 ). Cell growth (from initial OD 600 of 0.03±0.01 to 0.19±0.07) was observed in both cultures. 
Groundwater microbial composition in response to ethene and VC enrichment
Bacterial diversity decreased during the enrichment process. The alpha diversity (Shannon index, based on 97% OTU classification cutoff) of 16S rRNA gene sequencing data (Table S3 , Supporting Information) decreased after 160 days of ethene enrichment in microcosms G1-TP1-ETH (2.35) and G2-TP1-ETH (3.11) in comparison to the groundwater diversity (6.05). After 245-256 days of ethene enrichment, G1-TP3-ETH alpha diversity slightly increased (2.49) but decreased further in G2-TP3-ETH (1.87). After 160 days of ethene enrichment, the relative abundance of Actinobacteria (7.7% in G1-TP1-ETH and 5.3% in G2-TP1-ETH) increased in comparison to the groundwater (Fig. 2) . As enrichment on ethene and VC continued in parallel, Actinobacteria (24% in G1-TP3-ETH and 5.1% in G1-TP3-VC), Proteobacteria (42% in G1-TP3-ETH and 79% in G1-TP3-VC), Acidobacteria (23% in G1-TP3-ETH and 7.8% in G1-TP3-VC) and Bacteroidetes (8.4% in G1-TP3-ETH and 7.3% in G1-TP3-VC) were the most abundant phyla in Group 1 between days 242-256, whereas in Group 2, only Actinobacteria (35.8% in G2-TP3-ETH and 26.4% in G2-TP3-VC), Proteobacteria (14.4% in G1-TP3-ETH and 21.0% in G1-TP3-VC) and Bacteroidetes (47.7% in G1-TP3-ETH and 50.6% in G1-TP3-VC) dominated the community.
Four genera (Nocardioides, Pedobacter, Sediminibacterium and Pseudomonas) were observed at increased relative abundances in enrichment cultures. Members of the Nocardioides (phylum Actinobacteria) were detected in all cultures at abundances of 3.4%-35%. The groundwater microcosms subjected to less dilution by MSM (GW:MSM = 1:1, Group 2) (Fig. 1 ) displayed higher relative abundances of Nocardioides (Figs 2 and 4) than the Group 1 microcosms. This suggests that more indigenous Nocardioides were initially present in the Group 2 groundwater microcosms. Similar effects of groundwater dilution on microbial community function has been noted previously (Jitnuyanont, Sayavedra-Soto and Semprini 2001) .The genus Pedobacter (phylum Bacteriodetes) showed relative abundances of 17.5%-47.5% in all Group 2 cultures (Fig. 2) . The genus Sediminibacterium (phylum Bacteriodetes) was abundant (up to 48.3%) in several VC and ethene enrichment cultures (Fig. 2) . Pseudomonas (phylum Proteobacteria) was present in seven cultures at abundances ranging from 1% to 7%, and were at elevated levels in two cultures (G2-TP2-VC (22%) and G1-TP3-VC (71.1%)) (Fig. 2) .
SIP reveals bacteria involved in carbon uptake from VC
We hypothesized that the four most dominant bacterial genera (Nocardioides, Pseudomonas, Pedobacter and Sediminibacterium) in VC enrichment cultures were utilizing VC as a source of carbon. We tested this hypothesis with an SIP experiment ( Table 2 ; Fig.  S4 , Supporting Information). After comparison to unlabeled controls, we determined that the heavy BD fractions were > 1.74 g mL −1 . The relative 16S rRNA gene abundance of each of these four bacterial genera was enriched in the heavy BD fractions in 13 C 2 -VC-amended cultures, indicating that these bacteria incorporated carbon from VC into their genomic DNA ( 
Genome sequencing of strain XL1
The draft XL1 genome (5.2 Mb) consists of 4 930 041bp chromosome sequences and 306 466bp plasmid sequences (Table 1) . The average chromosomal GC content is 71.7%, and the plasmid GC content is 68.0%. The chromosome contains 4789 putative protein-coding genes and the plasmid contains 305 proteincoding genes. .98, respectively. The longest contig contains essential genes (single copy) as specified in the multimetagenome protocol (Albertsen et al. 2013) .Coverage of contigs = average number of times a base of the contig is sequenced. Details of each genome bin are included in Table 1 . Ethene (ETH) and VC cultures were binned separately to differentiate the two culturing conditions.
The two-way average nucleotide identity (ANI) (reciprocal best hit blast) between strain XL1 and the VC-assimilating Nocardioides sp. strain JS614 chromosome is 100 ± 0.09%, and the oneway ANI1 and ANI2 (best hits) are 99.99±0.25% and 99.94±1.09%, respectively. The partial XL1 16S rRNA gene sequence (1489 bp) is 99.7% identical to the Nocardioides sp. strain JS614 16S rRNA gene and the partial sequence of rpoB from strain XL1 (3501 bp) is 100% identical to that in Nocardioides sp. strain JS614. The XL1 plasmid sequences were 100% identical to the JS614 plasmid pNOCA01 (Table 3) , and contain etnABCD, which encode the four AkMO subunits, and etnE, encoding EaCoMT (Fig. S6 , Supporting Information) (on contig 36, 44355 bp). The synteny of these five genes (etnEABCD) in XL1 is also identical to that in strain JS614.
The XL1 plasmid contains proposed downstream ethene and VC assimilation pathway genes also found in strain JS614 (Mattes et al. 2005; Mattes, Alexander and Coleman 2010) , including genes encoding short-chain dehydrogenase (SDR) family alcohol dehydrogenase, several other dehydrogenases and reductases, acyl-CoA synthase and CoA transferase (Fig. S6 , Supporting Information). The XL1 plasmid contains comA encoding a putative (2R)-phospho-3-sulfolactate synthase, which catalyzes the first step in CoM biosynthesis in methanogens (Graham, Xu and White 2002) and possibly in alkene-oxidizers (Mattes et al. 2005) . The plasmid also contains genes associated with plasmid conjugation and other mobile genetic elements, such as those encoding a putative plasmid conjugation protein (TraA), conjugative transfer gene complex protein, catalytic region integrase, and phage integrase (Fig. S6, Supporting Information) .
Expression of etnC and etnE in enrichment cultures
Since etnC and etnE comprise a portion of the gene cluster encoding enzymes for ethene and VC breakdown, we tested whether etnC and etnE expression was detectable in both VC and ethene enrichment cultures. Analysis on RNA extracted from timepoint three cultures revealed that etnC transcripts (9.7 × 10 8 to 6.3 × 10 10 per liter) and etnE transcripts (6.4 × 10 6 to 1.6 × 10 11 per liter) were present in the cultures (Fig. S7 , Supporting Information). This indicates that plasmid-encoded genes involved in VC and ethene biodegradation were expressed in the cultures.
Metagenomic analysis of groundwater and enrichment cultures
Metagenomic sequencing was performed to reveal novel metabolic potential for ethene and VC biodegradation in groundwater and enrichment cultures. BLAST analysis of the groundwater metagenome revealed 6036 sequences (0.92%) related to Nocardioides sp. strain XL1 in the groundwater metagenome (> 70% nucleotide identity, average alignment length 203 bp), among which 93 sequences (0.001%) were 100% identical to strain XL1 plasmid sequences. Among the ethene and VC enrichment culture metagenome bins (Table 1 ; Fig. S2 , Supporting Information), five bins (ETH-ACT1, ETH-ACT2, VC-ACT1, VC-ACT2 and VC-ACT3) were 78%-100% similar to Nocardioides sp. strain XL1 based on ANI analysis (Table 3 ). The strain XL1 partial rpoB sequence (773 bp) was Table 2 . Summary of 13 C-VC SIP experiment. The relative abundance of 16S rRNA genes detected by qPCR among all SIP fractions was calculated and summed up in two categories: light fraction (BD < 1.74 g mL −1 ) and heavy fractions (BD > 1.74 g mL −1 ). 12 C refers to the 12 C −VC amended culture, and 13 C refers to the 13 C-VC amended culture. The % error is the sum of % error for each replicate qPCR run on every fraction in 'light fractions' and 'heavy fractions', respectively, representing the difference between replicate qPCR run for each sample. The relative abundance increase of DNA in heavy fractions from 13 C-VC enrichment was calculated by subtracting the relative abundance of heavy DNA in 12 C-VC samples from those in correspondent 13 C-VC samples. Raw data were plotted in Fig. S4 Goris et al. 2007 ) between different Nocardioides-affiliated genomes in this study. ANI1 and ANI2: one-way ANI (best hits); ANI: two-way ANI (reciprocal best hits). The ANI between genomes was calculated using an online tool (http://enve-omics.ce.gatech.edu/ani/) (Rodriguez-R and Konstantinidis 2016).
ANI1
ANI2 ANI XL1 vs. JS614 chromosome 99.99 ± 0.25% 99.94 ± 1.09% 100.00 ± 0.09% XL1 vs. JS614 plasmid 100.00 ± 0.00% 100.00 ± 0.00% 100.00 ± 0.00% XL1 vs. ETH-ACT1
99.94 ± 1.14% 100.00 ± 0.12% 100.00 ± 0.06% XL1 vs. VC-ACT1 100.00 ± 0.01% 100.00 ± 0.11% 100.00 ± 0.00% XL1 vs. VC-ACT2
78. 100.00 ± 0.00% 100.00 ± 0.00% XL1 plasmid vs. VC-PLSD 99.98 ± 0.50% 100.00 ± 0.00% 100.00 ± 0.00% 100% identical to rpoB in ETH-ACT1 (contig 6; 3501 bp) and VC-ACT1 (contig 19; 3465 bp), whereas it was 86% to 90% identical to partial rpoB (ranging in size from 270 bp to 3474 bp) in other Nocardioides-affiliated genome bins. Genes homologous to known ethene and VC degradation pathway genes were not detected in any genome bins above, with exception of VC-ACT2, which contained a partial etnE on contig 239 with 98% nucleotide identity to the strain JS614 etnE. Plasmid-associated genome bins ETH-PLSD and VC-PLSD showed 100% nucleotide identity to the Nocardioides sp. XL1 plasmid (Table 3) . Contig sequence coverage, which represents the genome bin abundance, was analyzed to assess the possibility that other bacteria in the enrichment culture acquired the plasmid found in strain XL1 (horizontal gene transfer). Assuming only Nocardioides sp. XL1 harbored the plasmid, the contig sequence coverage of ETH-ACT1 or VC-ACT1 (i.e. strain XL1) should be similar to that of ETH-or VC-PLSD. Indeed, the ETH-ACT1 and VC-ACT1 coverages were most consistent with the ETH-PLSD and VC-PLSD coverages in all but one bottle (Fig. 4) . However, in the G1-TP3-VC metagenome VC-ACT1 contig sequence coverages were less than 2, while VC-PLSD coverages were above 50 (Fig. 4) . This suggests that other bacteria could have harbored VC-PLSD sequences in the G1-TP3-VC culture.
Because the genera Pseudomonas, Sediminibacterium and Pedobacter were implicated in carbon uptake from VC in enrichment cultures, we analyzed the metagenome to investigate their potential roles in VC-assimilation (Tables 1 and 4) . AkMO (etnABCD) and EaCoMT (etnE) genes were only found in the VC-PLSD and ETH-PLSD genome bins. Although monooxygenase genes were noted in all genome bins from bacteria linked to carbon uptake from VC (Table 4) , none of these monooxygenases have been previously implicated in alkene biodegradation. This suggests strain XL1 was the primary VC-assimilator in the cultures and that the other bacteria that obtain carbon from VC do so from VC metabolites or by cross-feeding on dead cells containing heavy DNA. The genome bins were further analyzed for the presence of genes that could participate in assimilation of VC pathway intermediates (e.g. epoxides, alcohols and aldehydes)( Table 4) . Genes encoding epoxide hydrolase, glutathione-S-transferase (GST) and acetaldehyde dehydrogenase were noted in the Pseudomonas-affiliated genome bin (VC-PRT1). Genes encoding alcohol dehydrogenase, aldehyde dehydrogenase, carboxylase, decarboxylase, glyoxalase and haloacid dehalogenase were found in all six genome bins with the exception of the plasmid genome bins (Table 4) .
DISCUSSION
Aerobic ethene-and VC-assimilating bacteria appear widely distributed in the environment, especially at chlorinated ethenecontaminated sites (Coleman et al. 2002a; Coleman, Bui and Holmes 2006; Liu and Mattes 2016) . The ethene-and VCassimilation pathway functional genes etnC and etnE are promising biomarkers for ethene-and VC-assimilating bacteria in the environment (Begley et al. 2012; Atashgahi et al. 2013; Kurt, Mack and Spain 2014; Mattes et al. 2015; Liang, Cook and Mattes 2016; Atashgahi et al. 2017a) . In this study, etnC and etnE were detected in a groundwater sample from a chlorinated ethene contaminated site in Fairbanks, AK, USA. Both etnC and etnE were actively transcribed in subsequent ethene and VC enrichment cultures developed from the groundwater sample. These observations indicate that etnC and etnE were associated with ethene-and VC-metabolism in these cultures, and further supports the use of these functional genes as effective biomarkers for etheneassimilating bacteria in environmental samples.
The failure of Group 3 and Group 4 microcosms to initiate VC degradation is unclear. Thermodynamically, ethene is a slightly more favorable growth substrate ( G • ' = −1320 kJ/mol) than VC ( G • ' = −1237 kJ/mol)(van Hylckama Vlieg and Janssen 2001). However, aerobic growth-coupled VC utilization in microcosms and isolates typically occurs after a variable lag period, as shown in previous studies (Freedman and Herz 1996; Coleman et al. 2002a; Jin and Mattes 2008) . VC was possibly initially toxic or a poor inducer of AkMO within the groundwater microbial community. Growth on ethene generates the metabolite epoxyethane, a known AkMO inducer (Ensign 1996; Mattes et al. 2007 ). This could partially explain why ethene enrichment cultures rapidly transitioned to growth on VC. More importantly, a small initial VC-assimilating population (i.e. Nocardioides sp. strain XL1), appears to have been selected during the ethene enrichment. VC-assimilating Mycobacterium sp. strain K1 (Coleman et al. 2002a ) was previously isolated from a non-VCdegrading consortium (Koziollek, Bryniok and Knackmuss 1999) , which is consistent with the observations in our study. An integrated molecular microbial ecology approach was applied to provide a holistic view of microbial community functions in aerobic VC enrichment cultures. SIP was helpful in distinguishing primary VC-assimilators from secondary degraders. Nocardioides was clearly the most likely primary VC-assimilator, with the highest % increase of DNA in SIP heavy fractions. This was confirmed by isolation and genome analysis of strain XL1. Secondary degraders could also take up labeled carbon from VC metabolites, but to a lesser extent. Their possible roles regarding to VC and ethene degradation were elucidated by metagenomics.
By analogy to previous studies, where the epoxide epichlorohydrin was degraded by epoxide hydrolase in Pseudomonas sp. strain AD1 (Vandenwijngaard, Janssen and Witholt 1989; Jacobs et al. 1991) , and cis-DCE epoxide was detoxified by conjugation to GST in Rhodococcus sp. strain AD45 (Vlieg et al. 1998; Rui et al. 2004) , it is plausible that epoxide hydrolase and GST also participate in detoxification or assimilation of VC epoxide. Genes annotated with these functions were noted in the three Nocardioides-affiliated genome bins (VC-ACT1, VC-ACT2 and VC-ACT3), as well as in the Pseudomonas-affiliated genome bin (VC-PRT1) ( Table 4 ). The epoxide hydrolase gene VC-PRT1 contains is 99% identical to that in Pseudomonas sp. NBRC 111135 (Genbank Accession No.WP 054910124.1). Two of the thirteen inferred VC-PRT1 GST aa sequences grouped with the Rhodococcus sp. strain AD45 GST (Fig. S8, Supporting Information) . The sequence VC-PRT1 1 221 (100% identical to hypothetical GST protein (Genbank Accession No. WP 024762862)) shared 98% coverage and 30% similarity to the strain AD45 GST aa sequence (IsoILR1) (Genbank accession no. AAS66909).
VC epoxide is highly unstable in aqueous systems and can spontaneously rearrange to chloroacetaldehyde (Guengerich, Crawford and Watanabe 1979; Castro, Riebeth and Belser 1992a) that can be metabolized by acetaldehyde dehydrogenase (van der Ploeg et al. 1994 ). Thus, it is possible that bacteria obtain carbon from VC biodegradation occurring in mixed culture by this route. Acetaldehyde dehydrogenase genes were present in all Nocardioides genome bins and the Pseudomonas genome bin (Table 4) . Additional breakdown products of VC epoxide include chloroacetic acid, glycolic acid (Castro, Riebeth and Belser 1992a) and potentially glyoxal (van Hylckama Vlieg and Janssen 2001) . Genes encoding enzymes that could degrade these compounds such as haloacid dehalogenase and glyoxalase were noted in all six genome bins (Table 4) . Genes encoding enzymes such as alcohol dehydrogenase, aldehyde dehydrogenase, carboxylase and decarboxylase, which could also participate in assimilation of proposed downstream pathway intermediates such as malonylCoA (Mattes, Alexander and Coleman 2010) , were also noted in all six genome bins (Table 4) . Pseudomonas sp., implicated in carbon uptake from VC in enrichment cultures and as represented by genome bin VC-PRT1, contained the most genes of any genome bin (besides the PLSD bins) that could participate in metabolism of VC epoxide and metabolites, including GSTs. As GSTs with vague roles are found in many Proteobacterial genomes (Vuilleumier and Pagni 2002) , their ability to detoxify epoxides such as VC epoxide should be considered for future studies. A single report also found a Pseudomonas strain capable of degrading VC by direct hydrolysis rather than epoxidation (Castro et al. 1992b) , which when taken with the results provided here, suggesting a potentially novel VC biodegradation pathway in some Pseudomonas strains.
SIP data also implicated Bacteroidetes genera Sediminibacterium and Pedobacter in carbon uptake from VC. Although Sediminibacterium was previously implicated in 13 C-VC uptake in VC enrichment culture SIP studies (Paes et al. 2015; Wilson et al. 2016) , this is the first report implicating Pedobacter. The genome bins VC-BAC1 (Sediminibacterium-affiliated) and VC-BAC2 (Pedobacter-affiliated) contained genes with putative involvement in degradation of VC metabolites and/or VC epoxide breakdown products. We hypothesize these Bacteroidetes genera obtain carbon from VC by scavenging VC epoxide breakdown products and/or downstream VC metabolites available in the aqueous phase. Further work is needed to support these hypotheses, possibly assisted with isolated strains or nano-scale secondary ion mass spectrometry (Jiang et al. 2016) to track carbon flow in microcosms. The observations in this study collectively have implications for groundwater VC bioremediation strategies. In particular, the ability for bacteria enriched on ethene to readily switch to growth on VC suggests that ethene biostimulation of a VC plume could increase both VC-assimilating and VCcometabolizing bacterial populations and promote sustained VC oxidation in the field. However, this method has not been widely applied in practice-only one study reports successful stimulation of VC cometabolism in groundwater by ethene injection at field scale (Begley et al. 2012) . A potential complication to this strategy is that ethene could competitively inhibit VC biodegradation in dilute VC plumes (Louarn et al. 2006; Mattes, Alexander and Coleman 2010) . Further research on the impacts of ethene biostimulation of aerobic VC bioremediation is needed.
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